SUMMARY To determine the basis for age-related changes that occur in the transmembrane action potentials (AP) of canine cardiac Purkinje fibers (PF), we used standard microelectrode techniques to study PF from normal neonatal and adult beagles. As previously shown, neonatal PF AP have a less negative maximum diastolic potential (MDP), a lower AP amplitude (amp) and maximum upstroke velocity of phase 0 (V max ), and shorter AP duration measured at 50% and 100% repolarization than have those of adults. Further, the termination of phase 1 and the peak of phase 2 occur at more positive levels of membrane potential in neonatal PF. The less negative MDP in neonatal PF is associated with a lower intracellular potassium activity (a K ') as demonstrated with a K + -sensitive microelectrode. Neonatal PF showed greater depression of AP amp and V max during superfusion with the rapid Na* channel blocker, tetrodotoxin (TTX), than did adult PF. The attainment of more negative voltages at the termination of phase 1 in adult compared to neonatal PF was not attributable to age-related differences in response to changes in drive cycle length, temperature, or external Cl" concentration. However, 4-aminopyridine, a blocker of the early, repolarizing potassium current, altered this variable in adult and not in neonatal PF. The effects of verapamil and AHR-2666, both slow inward current blockers; of TTX, which blocks a background inward Na + current; and of TEA + , which blocks repolarizing K + current, were studied on AP repolarization. Adult PF AP were more sensitive to the effects of AHR-2666, verapamil, and TEA* and less sensitive to the effects of TTX than neonates.
WE have shown that, for normal adult beagles, increasing age is associated with an acceleration of the voltage-time course of repolarization of cardiac Purkinje fiber transmembrane action potentials . We have found that neonatal canine Purkinje fiber action potentials have a less negative maximum diastolic potential, lower action potential amplitude, and maximum upstroke velocity of phase 0 and shorter action potential duration than action potentials recorded at comparable sites in adult fibers (Rosen et al., 1975) . We hypothesized that the shorter action potential duration resulted in part from a greater potassium ion conductance in neonatal than in adult fibers (Mary-Rabine and Rosen, 1978) . To clarify further the basis for such age-related changes in transmembrane action potentials, we used standard microelectrode techniques, K sensitive electrodes, and a variety of pharmacological agents to study the transmembrane potentials of neonatal and adult beagle Purkinje fibers.
Methods
We studied healthy adult male and female beagles of known birthdates [age, 78.1 ± 21.2 months (mean ± SD)] and beagle neonates (<9 days of age). The dogs were anesthetized with pentobarbital sodium, 30 mg/kg, (adult), or ip (neonates). Their hearts were removed rapidly through a lateral thoracotomy (adults) or median sternotomy (neonates). Purkinje fiber bundles were excised from both ventricles.
Electrophysiological Techniques
Purkinje fibers were placed on the bottom of a Lucite chamber (volume 3 ml) and superfused with Tyrode's solution containing in mM/liter: NaCl, 137; NaHCO 3 , 12; KC1, 4.0; dextrose, 5.5; NaH 2 PO 4 , 1.8; MgCl 2 , 0.5; CaCl 2 , 2.7. The solution was gassed with 95% oxygen/5% carbon dioxide and warmed to 36.5 to 37.4°C with a glass heat exchanger. The flow rate of solution into the bath was 10-12 ml/min. The fibers were stimulated at a cycle length of 500 msec with rectangular current pulses 0.1 to 1.0 msec in duration and 1.5 to 2 times threshold in amplitude, delivered through Teflon-coated bipolar silver wires.
Purkinje fibers were impaled with 3 M KCl-filled glass capillary microelectrodes with tip resistances of 10-25 MS2. The microelectrodes were coupled by a 3 M KC1 interface to an Ag-AgCl bar leading to an amplifier having high input impedance and input capacity neutralization. The action potentials were displayed on a Tektronix RM 565 cathode ray oscilloscope, and records were photographed using Polaroid film. Records of transmembrane potential were calibrated by means of previously described techniques (Rosen et al., 1973) . A calibrating sawtooth pulse with an amplitude of 100 mV and a rising slope of 200 V/sec was injected between the bath and ground. The maximum slope of phase 0 of the action potential (V ma x) was obtained by electronic differentiation with an operational amplifier (Bigger et al., 1968) .
Membrane responsiveness was studied by introducing premature stimuli progressively earlier during action potential repolarization. The V max of phase 0 of the resulting premature impulse was electronically differentiated (Bigger et al., 1968) , and the membrane responsiveness curve was constructed (Weidmann, 1955) .
In some experiments we used intracellular current injection to hyperpolarize neonatal Purkinje fibers. A 3 M KCl-filled glass microelectrode was used to pass current into the Purkinje fibers. A second, nearby microelectrode recorded the change in transmembrane potential characteristics. The current injection device used delivers a constant current of 10" 8 to 10" 6 A (Ross and Hoffman, 1970) . Since microelectrode resistance can vary during current passage, the system contains a feedback circuit to hold the current constant.
For experiments on the effect of alterations in basic cycle length, temperature, and external chloride concentration on transmembrane potentials, action potentials were recorded at basic cycle lengths of 500 and 2000 msec. The temperature of the superfusate then was reduced from the usual 37°C to 25°C. Kreher (1978) has shown this maneuver to accentuate the phase 1 notch in ventricular muscle. Action potentials again were recorded at both 500-and 2000-msec cycle lengths. The Tyrode's solution then was changed to a low [Cl~] o solution which was identical to the control solution except that sodium methylsulfate 137 mM (Eastman Chemical Co.) was substituted for sodium chloride. It is possible that, in this solution, the effective [Ca 2+ ] o may be lower than stated (Kenyon and Gibbons, 1977) . The fibers were superfused to steady state (10-15 minutes) at 25 °C with this solution. Action potentials again were recorded at both cycle lengths.
To study calcium-dependent action potentials, Purkinje fiber bundles were placed in a sodium-free, calcium-rich solution (Aronson and Cranefield, 1973) . The composition of this solution (mM/liter) was tetraethylammonium Cl, 128; KC1, 4.0; Tris buffer, 5.0; CaCl 2 , 16.2; MgCl 2 , 0.5; dextrose, 5.5. The pH of the solution was adjusted to 7.32-7.37 with 37% HC1, and it was gassed with 100% oxygen.
These fiber bundles were stimulated at a cycle length of 3000 msec.
Measurement of Transmembrane Action Potentials
The action potential (AP) parameters measured in Purkinje fibers (PF) included maximum diastolic potential (MDP), AP amplitude, maximum upstroke velocity of phase 0 depolarization (V max ), and AP duration measured at 50% (APD50) and 100% (APD100) repolarization. Unlike Purkinje fibers from adults in which there is usually a well-defined phase 1 "notch" and peak of phase 2, neonatal fibers consistently demonstrate a gradual sloping from the rapid portion of. phase 1 repolarization to phase 2 (Fig. 1) . Hence, the termination of phase 1 and the peak of phase 2 often were identical in the neonate. For the calcium-dependent action potentials studied in sodium-free solutions, MDP and AP amplitude were measured.
Superfusion with Pharmacological Agents
Following recording of control action potentials, the PF bundles were superfused with tetrodotoxin, which blocks the rapid, inward sodium current responsible for the AP upstroke (Dudel et al., 1967) and an inward, background sodium current that contributes to the plateau (Coraboeuf et al., 1979) ; AHR-2666, a blocker of the slow inward (calcium) current (Lustig and Kirsten, 1974; Siegel et al., 1979; Mary-Rabine et al., 1979) ; 4-aminopyridine, a blocker of an early, repolarizing current attributed to potassium (Kenyon and Gibbons, 1979a) ; and tetraethylammonium chloride, which reduces repolarizing currents (Kenyon and Gibbons, 1979b) . Tetrodotoxin (Sigma Chemical Co) was dissolved in Tyrode's solution to make final concentrations of 7.0 x 1CT 7 M, 1.5 x 10~6 M, 3.1 X 10~6 M, and 1.6 x 10~5 M. Superfusion periods of 5-10 minutes were employed. AHR-2666 [3-(m-chlorophenoxy)-lmethyl carbamolypyroline) (A.H. Robins Research)] was prepared by dissolving 50 mg in 1 ml of polyetheylene glycol (Carbowax Peg 400; Fisher Scientific Co.). We previously have found this concentration of polyethylene glycol to have no effect on the PF AP (unpublished observation). AHR-2666 then was added to normal Tyrode's solution to final concentrations of 3.9 X 10" 6 M, 2.0 X 10~5 M, 5.9 X 10" 5 M, 1.2 X 10~4 M, and 1.8 X 10"
Superfusion periods of 20-25 minutes were employed. 4-Aminopyridine (Aldrich Chemical Co.) was not readily soluble in the standard Tyrode's used; therefore, for these experiments a solution with low phosphate content (Kenyon and Gibbons, 1979a) was selected. The composition of this solution was as follows (mM/liter): NaCl, 137; KC1, 5.4; MgCl 2 , 1.05; NaHCO 3 , 11.9; NaH 2 PO4, 0.33; CaCl 2 , 2.7; glucose, 11.1. The solution was gassed with 95% oxygen/5% carbon dioxide. 4-Aminopyridine was dissolved to final concentrations of 1 X 10~s M, 1 X 10~4 M, and 1 X 10~3 M. The superfusion period was 15-20 minutes. For one group of studies on the effects of TEA (Eastman Chemical Co.), TEA was dissolved in the same control solution used for 4-aminopyridine experiments (above) to make a final TEA concentration of 20 mM. In these experiments, no osmolar correction was employed. In a second group of fibers, TEA was added so that the final concentrations would be 5,10, 20, 40 mM and 40 mM plus 1 X 10~3 M 4-aminopyridine. In these solutions, appropriate quantities of NaCl were omitted so that the solutions remained equiosmolar. A superfusion time of 30 minutes at each concentration was used.
In the final group of experiments, a sodium-free, calcium-rich solution (Aronson and Cranefield, 1973) was used to generate slow response AP. After control records had been made, the fibers were superfused for 25-30 minutes with verapamil HC1 (Knoll Pharmaceutical Co.), a slow inward current blocker (Fleckenstein, 1971; Rosen et al., 1974) (Miura et al., 1977) and determining their selectivity (Walker, 1971 ) have been described previously.
Advancement of the K + -sensitive electrode into a PF resulted in a shift in the measured potential, AE, due to (1) the difference between intracellular and extracellular K + activity (a K ' and aK°), (2) the extracellular Na + activity (afta), and (3) the transmembrane potential (E tm )-This relationship is expressed in the following equation:
(1) Here RT/F has its usual meaning (e.g., see Hoffman and Cranefield, 1960) and KKNS is the selectivity coefficient of the microelectrode determined during its calibration (Miura et al., 1977) . Because measurement of a K ' requires identification of E tm in each experiment, multiple impalements were made with standard 3 M KCl-filled electrodes as well as with the K + -sensitive electrode in a small area of the fiber bundle. The mean values recorded with both electrodes were used to identify the terms E lm and AE for each preparation. Measurements of E tm and AE were made at the maximum diastolic potential (MDP) during stimulation and at the resting potential (E m ). The latter was identified as occurring approximately 20 seconds after the drive stimulus had been discontinued, at which time a stable level of membrane potential had been attained. The value of aK 1 then was determined by using Equation 1. The K equilibrium potential, E K , was determined using the equation:
For all experiments, [K + ] o in the superfusate was 4 mM.
Data Analysis
Data were obtained from impalements that were maintained throughout the course of the experimental protocol. To compare neonatal and adult transmembrane potential characteristics and ax', we used a f-test for unpaired data. Assessment of drug effects on the various AP characteristics was obtained by applying a one-way analysis of variance (ANOVA) (Snedecor and Cochran, 1967 ). Scheffe's procedure was used to determine which means differed significantly (Snedecor and Cochran, 1967) .
Age-related differences in dose-response curves were determined using a nested (dose-with-age) analysis of variance. This statistical procedure tests explicitly for age-related differences in dose-response curves, regardless of differences in initial (control) values.
To compare age-related effects between adults and neonates, we used some adult data previously reported from this laboratory . Data are expressed as mean ± 1 SD.
Results

Control Data
During superfusion with Tyrode's solution, transmembrane AP characteristics of 26 fibers from 16 neonates were recorded and compared to data from 18 fibers from adults. During control, all AP parameters differed significantly. Neonatal fibers showed a less negative MDP (-86.2 ± 3.8 vs. -91.5 ± 5.9 mV; P < 0.001), lower AP amplitude (126.1 ± 4.7 vs. 130.8 ± 6.8 mV; P < 0.02), and V max (532.7 ± 90.5 vs. 634.3 ± 102.6 V/s; P < 0.005), a shorter APDso (141.0 ± 13.9 vs. 185.4 ± 19.9 msec; P < 0.001), and APD 100 (245.4 ± 22.7 vs. 286.9 ± 28.0 msec; P < 0.001) and a more positive termination of phase 1 (11.9 ± 10.9 vs. -1.9 ± 7.2 mV; P < 0.005) and peak phase 2 (11.9 ± 10.9 vs. 1.3 ± 6.8 mV; P < 0.005) than adults. Figure 1 shows representative examples of neonatal and adult AP.
Potassium Electrode Studies
Comparisons of neonatal and adult PF MDP, resting potential, intracellular K + activity (an 1 ) and K equilibrium potential are shown in Table 1 . For all variables, the adult and neonatal data differed significantly. For the adults, a K ' was 130.0 mM, for the neonates, 117.4 (values for MDP used in Equation 1. 90.6 ± 2.8* (50) 84.4 ± 2.8*
The value of a K ' is the intracellular potassium ion activity, E K is the calculated potassium equilibrium potential, MDP is the maximum diastolic potential, and RMP is the resting transmembrane potential. We calculated a K ' here from MDP. Numbers are expressed as the mean ± 1 SD. The number of impalements is in parentheses. Values for adults are from Miura et al., 1977. * P < 0.001 cf neonates. Table 2 shows the data obtained from the TTX superfusion study. In neonates, TTX > 7 X 10~7 M significantly shortened APD50 and APD 100 . TTX >1.5 X 10~6 M depressed V max , and TTX 2:3.1 X 10" 6 M depressed AP amplitude. For adults, TTX >1.5 X 10~6 M was needed to significantly shorten APD50 and APD100; TTX >3.1 X 10" 6 M to depress V max ; and TTX = 1.6 X 10" 5 M to depress AP amplitude. The effect of TTX on AP amplitude was due entirely to its action on the overshoot; MDP ws unchanged.
Superfusion with Tetrodotoxin (TTX)
Using nested analysis of variance, we determined that there were differences related to aging alone in the dose-response curves for effects of TTX on AP amplitude, V max , APDgo, and APD100. For each of 9.7 ± 12.0 -7.8 ± 7.8 9.9 + 12.3 -5.6 ± 5.7 7.25 ± 12.0 -11.7 ±6.8$ Data are presented as mean ± 1 SD. Amp = action potential amplitude; MDP = maximum diastolic potential; V m = maximum upstroke velocity of phase 0; APD50 = action potential duration measured at 50% repolarization; APD100 = action potential duration measured at full repolarization; phase 1 = the termination of phase 1 repolarization; phase 2 = the peak of phase 2 plateau. The effect of TTX on neonatal (N) AP's occurs at lower concentrations than in adults (A) (see text). Some of the adult values were obtained from Rosen et al., 1978 . A total of 12 impalements in neonatal and nine in adult fibers is reported.
•P < 0.05; | P < 0.02; %P < 0.005 (cf control).
these four variables the minimum effective concentration (that concentration in the dose-response curve which first resulted in significant alteration in that parameter) was lower and the effect was of greater magnitude in the neonate than in the adult.
Effect of TTX on the Membrane Responsiveness Curve
Control membrane responsiveness curves for the two age groups are presented in Figure 2A . The curves are largely parallel, the only differences occurring at equivalent membrane potentials at or near full repolarization (-85 to -90 mV). The peak V m ax values for the neonates were significantly lower than for the adults. Supervision with TTX shifted the curves downward and to the right (Fig. 2, B and C). The V m ax values at or near full repolarization (-85 to -90 mV) for neonatal PF were depressed significantly at TTX = 3.1 X 10" 6 M. For the adult PF, however, no significant changes were caused by this concentration at equivalent ranges of membrane potential. This suggests that, at or near full repolarization, V max of premature impulses in neonatal PF is lower and more sensitive to the effects of TTX than that of adult PF.
Effect of Hyperpolarizing Current on Neonatal Cells
In nine impalements of four neonatal fiber bundles (Table 3 ; Fig. 3 ), a hyperpolarizing current pulse delivered through a second microelectrode resulted in a significant increase in the membrane potential at which the action potential was initiated (activation voltage) to a level comparable to that of adult fibers. There were no changes in AP overshoot or V m ax, both of which remained significantly lower than adult values. 440.2 ± 75.6 BCL = 1000 msec. A step of hyperpolarizing current was introduced during phase 4 through a nearby microelectrode. A premature impulse was introduced so as to reach the cell during the hyperpolarized period at a cycle length of 500 msec. Data were expressed as mean ± 1 SD and were compared using a paired /-test. Nine impalements were made in four neonatal fibers.
Effect of Changes in Cycle Length, Temperature, and External [Cl~] on Phases 1 and 2
During control at 37°C, a change in cycle length from 500 to 2000 msec resulted in a significant increase in APD50 and APD100 in both age groups (Table 4 ). The termination of phase 1 was unchanged. At 25°C, V m ax was depressed and APD50 and APD100 were prolonged significantly, compared to values at 37°C in both age groups. Phase 1 was not changed. At 25°C, adult fibers could not be driven consistently at a cycle length of 500 msec. When a low [Cl~] o solution was used at this temperature, MDP was signifiantly (P < 0.02) decreased in neonatal fibers driven at 500 msec. Also 24.7 ± 5.9 -12.0 ± 7.9 24.7 ± 5.9 -9.2 ± 4.8* AP parameters are presented in a format similar to previous tables. Seven neonatal and six adult fibers were studied. Although cycle length, temperature, and [Cl"],, changes affected action potential duration, no significant changes were noted in phase 1. Data are mean ± 1 SD. At low temperatures, the adult fibers could not be stimulated consistently at a cycle length of 500 msec.
•P < 0.02 (cf control); t^ < 0.001 (cf control!.
in neonates, at a cycle length of 2000 msec, APD50 and APD100 tended to be prolonged further. Phase 1 was unchanged. In adult fibers exposed to low [Cl~] o , effects similar to those in the neonates were noted. In addition, phase 2 became more negative (P < 0.02) compared to control. However, this may be an artifact, resulting from a decrease in the effective [Ca 2+ ] o induced by the sodium methylsulfate solution (Kenyon and Gibbons, 1977) . In response to the interventions studied, no age-related differences in the termination of phase 1 were noted.
Superfusion with TEA
The results of superfusing five neonatal and five adult fibers with 2 X 10" 2 M TEA without osmolar correction are shown in Table 5 . TEA caused a significant increase in APD50 and APDioo of adult PF but not of neonatal PF. In both adult and neonatal fibers, phase 1 repolarization and phase 2 peak were shifted to more positive values; the shift was greater (and age-related) in the adult fibers.
Ten neonatal and nine adult fibers were superfused with graded concentrations of TEA in which NaCl had been removed to maintain equiosmolar solutions. Although some quantitative differences were seen in the effect of TEA on the AP, comparing experiments with and without osmolar correction, no qualitative differences occurred (data not shown). During superfusion with 4 x 10~2 M TEA, the configuration of neonatal and adult transmembrane AP became increasingly similar (Fig. 4) . The addition of 1 X 10~3 M 4-aminopyridine to the solution containing 4 X 10" 2 M TEA did not result in further changes in the AP.
Superfusion with 4-Aminopyridine
Superfusion of six neonatal and six adult PF bundles with 1 x 10" 5 M, 1 x 10" 4 M, and 1 x 10" 3 M 4-aminopyridine resulted in a significant change to more positive membrane potentials in the termination of phase 1 and the peak of phase 2 in PF from adults (Table 6 ). The changes induced in the neonatal group were not significant. The difference in alteration of phase 1 in the two groups was agerelated (P < 0.05). Other AP parameters were not changed by 4-aminopyridine.
Superfusion with AHR-2666
In neonates, significant shortening of APD50 occurred during superfusion with >5.9 X 10~5 M of AHR-2666 (Table 7) . Phase 2 was not depressed significantly (i.e., not shifted to more negative voltages) by AHR-2666. In adults, AHR-2666 significantly depressed phase 2 (>5.9 X 10~5 M) and shortened APDso (>2.0 X 10" 5 M) (n = 6 fibers). Hence, significant shortening of APD50 and depression of phase 2 of adult PF occurred at lower drug concentrations than in the neonatal group. Data are expressed as mean ± 1 SD; n = 5 for both age groups. The fibers were superfused with 2 X 10~2M TEA without osmolar correction. The data are presented in a format similar to previous tables. See text for discussion.
• P < 0.02; fP< 0.005; %P< 0.001 (if control).
Superfusion with Verapamil
Eight neonatal and eight adult PF were superfused with a sodium-free, calcium-rich solution to produce calcium-dependent slow-response AP (Table 8) . AP amplitude and MDP were equivalent during control. Superfusion with 4.4 X 10~7 M verapamil caused a significant decrease in adult but not neonatal AP amplitude.
Discussion
The transmembrane action potentials of canine cardiac Purkinje fibers undergo alterations as a result of aging from the newborn period to adulthood. Our study confirms that neonatal transmembrane action potentials show a less negative MDP, lower action potential amplitude and V max , and shorter APD50 and APD100 than do adult fibers. In addition, this study demonstrates that phases 1 and 2 occur at more positive membrane potentials in the neonate than the adult. A well-defined termination point of phase 1 (notch) generally is not present in the neonate.
Considering the age-related increase in the negativity of the maximum diastolic potential, previous studies using radiolabeled sodium and potassium have demonstrated an increase in intracellular potassium concentration in the rat heart with age (Goldberg et al., 1975) . This is consistent with our demonstration of a significant increase in ax' with Data for six impalements in six neonatal and in six adult fibers are reported. The only signincant effects noted are in the adult: here phases 1 and 2 are elevated by 4-aminopyridine. Although 4-aminopyridine tended to elevate neonatal phase 1 and 2, the changes were not significant. Abbreviations are the same as previous tables. Data are mean ± 1 SD.
• P < 0.05 (cf control); f P < 0.02 (cf control). The presentation of data and abbreviations is similar to that used previous tables. See text for description. Data from nine neonates and six adult fibers. The adult fibers were not supervised with 3.9 X 10""M AHR-2666.
• P < 0.05; t P < 0.02; %P < 0.005; § P < 0.001 cf control.
age. Whether this increase reflects changes in membrane permeability, in Na-K ATPase function (Inturrisi and Papconstantinou, 1974) , in electrogenic pumping, or in other variables remains to be determined.
Pharmacological Studies of the Action Potential
In the following discussion we will consider agerelated changes in the sensitivity of the transmembrane characteristics studied to different pharmacological agents. In addition, we will present some hypotheses concerning possible changes in ionic contributions to the action potentials that may be occurring with age. Needless to say, these are only hypotheses, as more direct information concerning the currents that contribute to the action potential must be obtained using other techniques.
Phase 0 V max was higher and its sensitivity to TTX was lower in adult than in neonatal Purkinje fibers. That V m ax was higher in adult fibers might be interpreted to result from a greater density of sodium channels in the adults, a higher conductance of sodium through existing sodium channels, agerelated differences in membrane structure resulting in changed membrane capacitance, and/or differences in Na + -K + pumping and resting membrane potential. Although we found neonatal Purkinje fibers to be more sensitive to the effects of TTX, this does not indicate whether the difference in TTX sensitivity might result from age-related differences in the membrane potentials at which the action potentials are initiated (activation voltages). Hyperpolarization of neonatal cells to adult levels of membrane potential left neonatal action potential overshoot and V ma x unchanged (Table 3 ). These observations make it unlikely that differences in resting potential are responsible for the age-related increased in V max . With respect to age-related changes in cardiac cellular structure and its possible effects on membrane capacitance, Jewett and Sommer (1970) , in a preliminary report, noted no important structural differences between neonatal and adult canine Purkinje fibers. Further, the rinding that control membrane responsiveness curves for neonatal and adult Purkinje fibers had similar slopes and differed only in the plateau values suggests that the kinetics of the fast channel do not change appreciably with age. These observations might suggest that as age increases there is an increase in rapid sodium entry (INB) , perhaps due to an increase in the density of the rapid sodium channels themselves. However, to conclude this would be an oversimplification, as we do not have sufficient information about the TTX-receptor interactions that occur at any age (much less agerelated changes in such interactions) to interpret changes in TTX sensitivity as indicating a change in the number of receptors (i.e., channels).
With respect to our membrane responsiveness study, Walton and Fozzard (1979) have suggested that Vmax of a premature impulse may not reflect INA and GN 8 as accurately as V max of the basic drive impulse (i.e., Table 2 ). However, the fact that TTX affected V max values of adult and neonatal fibers in a similar manner, whether studied during a driven (Table 2) or premature impulse (Fig. 2) is, again, consistent with the hypothesis that there is an agerelated change-for an as yet undefined reason-in the rapid, inward sodium current.
Phase 1
The neonatal Purkinje fiber action potential seldom shows a phase 1 "notch," and the termination point of phase 1 occurs at significantly more positive membrane potentials in neonates than in adults. Three manipulations, chloride replacement (Kreher, 1978; Kenyon and Gibbons, 1979b) , cycle length changes (McAllister et al., 1975) , and cooling (Coraboeuf and Weidman, 1954; Kreher, 1978) , were employed to induce changes in phase 1 in neonatal and adult fibers (Table 5 ). Our results suggest there is no age-related change in the effect of chloride replacement, cycle length change, or temperature alteration on the termination of phase 1. However, changes were seen with 4-aminopyridine and TEA + . Superfusion of adult fibers with 4-aminopyridine recently has been shown by Kenyon and Gibbons (1979a) to alter phase 1 in adult sheep cardiac Purkinje fibers. Their results suggested that chloride ion is of a secondary importance in this phase of the action potential and that a 4-aminopyridinesensitive repolarizing potassium current is of primary importance. In our study, too, the adult Purkinje fiber phase 1 notch, although not significantly affected by low [Cl~] , was significantly altered by 4-aminopyridine (Table 6 ). However, the termination of phase 1 in neonatal Purkinje fiber action potentials was not affected by either low [Cl~] or 4-aminopyridine. It appears, then, that sensitivity to the effects of 4-aminopyridine develops during maturation. If-as shown by Kenyon and Gibbons (1979a) -the sensitivity to 4-aminopyridine reflects the presence of a repolarizing potassium current, it is possible that an age-related change in this current may be responsible for the major configurational changes that occur in phase 1 of the action potential.
When neonatal and adult Purkinje fibers were exposed to 2 X 10~2 M TEA (Table 5) , a significant shift of phase 1 to more positive membrane potentials occurred. The magnitude of shift was agerelated, being greater in the adults. In the experiments using osmolar correction, TEA 5 X 10~3 M induced similar shifts (data not shown). These results are consistent with those obtained during 4-aminopyridine superfusion and again suggest an age-related change in sensitivity of phase 1 to inhibitors of repolarizing K current.
Phases 2 and 3 With respect to phases 2 and 3, neonatal Purkinje fiber transmembrane potentials display a shorter action potential duration measured at 50% repolarization and a phase 2 plateau occurring at more positive levels of membrane potential when compared with adults. Superfusion with AHR-2666 (Table 7) showed the adult fibers to be more sensitive to the effects of this putative calcium blocker than the neonates. There are several problems in interpreting the effects of slow channel blockers on phases 2 and 3. If the plateau were solely a reflection of slow Ca 2+ entry, then one might interpret the response to AHR-2666 as indicating a decrease in the slow inward Ca 2+ current with age. As such, one might expect that, in the Na + -free, Ca 2+ -rich superfusate, there would be a higher action potential amplitude in the neonatal fibers. In fact, amplitude of the Ca 2+ dependent action potential did not differ for the two age groups, although sensitivity to verapamil was greater in the adults (Table 8 ). The combination of age-related changes in the effects of verapamil (on Ca 2+ -dependent action potential amplitude) and AHR-2666 (on APD50) might be interpreted as indicating an age-related change in inward Ca 2+ current. However, there is a major problem in evaluating the effects of blockers such as verapamil, D-600, and others on the slow inward current; that is, nonspecific effects on other currents may be caused by these drugs (Kass and Tsien, 1975) . Although it has been suggested that AHR-2666 may be more specific for I s j than other drugs (Siegel et al., 1979) , other effects cannot be excluded until voltage-clamp studies of the mechanism of action of AHR-2666 are done.
Another problem in attempting to attribute age- related changes in repolarization to changes in slow inward calcium current is that the presence of a background, inward sodium current in canine Purkinje fibers has been suggested by the studies of Coraboeuf et al. (1979) . They demonstrated that TTX shortens action potential duration at concentrations that have no significant effect on V max . In their study, a concentration of >3.3 x 10~8 M shortened Purkinje fiber action potential duration. TTX > 1 X 10~6 M was needed to cause a decrease in V m ax. In our study TTX, 7.0 X 10~7 M shortened APD50 and APD100 significantly in neonates. In adults, TTX = 1.5 X 10~6 M was needed to induce significant shortening of APD50 and APD100 compared to control. The effect on APD50 and APD100 was age-related and occurred at concentrations of TTX which had not yet caused a significant depression of action potential amplitude or V max . It appears, then, that a TTX-sensitive current also contributes to the age-related changes that occur in repolarization. The final problem in sorting out the age-related changes that occur in phase 2 and 3 of repolarization stems from the results obtained using TEA + . Here, again, we found an age-related change in TEA + sensitivity.
To summarize the consideration of phases 2 and 3, then, agents that reportedly block background, inward sodium (TTX), and slow inward calcium (verapamil, AHR-2666) currents, as well as an agent that reportedly blocks outward potassium currents (TEA + ), all exert age-related effects on repolarization. However, the extent to which inward Na + and Ca 2+ currents as well as outward K + current contribute to the age-related change in the voltagetime course of repolarization cannot be quantified from our studies and must await definition using the voltage clamp.
